The aim of this article is to introduce a nanowriter system that could lead to a sub-micrometer spot size using a visible light source under ambient conditions. The key component of the system is a focusing optical head, which incorporates a plasmonic-based lens instead of a conventional lens. Based on knowledge of the physical origin of extraordinary transmission and directional beaming, we theorize that the directional beaming phenomenon can be explained simply as a surface plasmon (SP) diffraction along the corrugations as long as the multiple scattering effects are taken into account to modify the dispersion relationship of the surface plasmon. We introduce a Rigorous Coupled Wave Analysis (RCWA) formulation to pursue a precise dispersion relationship needed for the lens design. Comparing the resultant theoretical data between Finite Difference Time Domain (FDTD) simulations and RCWA results, we found good agreement and the many important characteristic parameters needed for an innovative lens design.
Introduction
Optics, which has origins date back to remote antiquity, is a very old but still lively growing area of both theoretical and applied physics. During the last two decades, researchers had motivated extensively on high-resolution lithography driven by semiconductor industry. With the aid of high resolution fabrication ability, the development of nanotechnology enables us to contrive and to explore things in microscopic details, as never happen before. Besides satisfying the curiosity, coupling economic consideration with nanotechnology also started a trend of devices and systems miniaturization for higher performance and lower cost. However, some fundamental physical limits obstructed the progress. One of the most famous examples is the so-called "diffraction limit" in optical system, which states that we cannot focus the light to infinitesimal spot size. Two fundamental reasons limit size of the light spot. First, a lens collected all angles of light beams, i.e., high numerical aperture lens, is hard to achieve. The second reason is that light wave of high spatial frequency is always in the form of evanescent wave and thus cannot propagates to far field [1] . Recently, an astonishing phenomenon named extraordinary transmission [2] triggered many interests in optics [3] [4] [5] [6] . Many theorists claim that surface plasmon is the major cause and many basic properties about surface plasmon were then inspected, which includes another important behavior called directional beaming [7] . In this article, we will use these two interesting phenomena to design a novel lens and to set up a nanowriter system to do some lithography test.
Materials and methods
Basic Theory. Surface plasmon, which has electromagnetic fields decaying into both media, is a trapped surface mode due to oscillation of surface charge density can propagates along the interface.
For an infinite mental film with a dielectric material boundary, we can express the dispersion relationship as shown in Eq. (1), where k sp represents the wavevector of SP, ω is the incident wave frequency, c is velocity of light in free space, and 1 ε and 2 ε are the real part of dielectric constants of dielectric material and mental. [8]
If we view the light as photons, the momentum is proportional to wavevector ( p hk = ). Therefore the momentum conservation is the necessary condition for photon to excite (interact with) surface plasmon. As the momentum of photon in air is too small to excite surface plasmon, an extra momentum was introduced by using the surface grating. Surface plasmon diffraction theory leads to Eq. (2), where k sp ' represents the wavevector of SP on corrugation surface, 0 k the wavevector in free space, Λ the grating period, m is an integer, and θ is beaming angle [9] 
When the wavevector of surface plasmon is smaller than wavevector provided by grating, negative angle occurs ( Fig. 1(a) ). On the other hand, when the wavevector of surface plasmon is larger than the wavevector provided by grating, positive angle occurs ( Fig. 1(b) ). In the FDTD simulation result (Fig. 2) , we can clearly observe that two diffracted beams from the exit surface intersect with each other to shrink the focus spot size even further. However there is no analytical solution for plasmon wave vector k sp ' when the grating depth is deep, so we introduce a RCWA algorism [10] to calculate the surface plasmon excitation angles of these complex grating geometries. In order to make an optical head for a 442nm He-Cd laser, we used RCWA algorism to simulate the surface plasmon excitation angle for surface grating of different periods. The simulation models are silver binary gratings with grating depth 30nm, duty cycle 0.5, and grating period from 230nm to 270nm. The simulations results are shown in Fig. 3 and the reflection minimum represents the surface plasmon excitation angle. We found that when the grating pitch gets smaller, the surface plasmon exciting angle becomes larger. Based on the Helmholtz reciprocity theorem, we can treat these exciting angles as beaming angles [9] . Then we used FDTD algorithm to calculate the electric field distribution form near to far fields. We defined the distance between max energy (focal point) and the exit surface as focus length, and the distance between max energy and 0.8 max energy as depth of focus. We also define contrast and spot size as usual. After numerous FDTD simulations, we summarized the important lens parameters in Table 1 . In Table 1 we found that the spot size, focal length, and depth of focus all increase when the grating periods increase. The contrasts for these simulation cases are about ten, which are good enough to expose photoresist. In the traditional optics, the interference fringes of two plane waves with incident angleθ are λ/2sinθ. Comparing these estimations with FDTD simulation results, we found very good agreements. Therefore, for engineering design we could refer the focusing spot size to the interference of two mini light-beams with incident angleθ .
Results and discussion
Experiment. In our previous work, we found that the periodic structure on the exit surface will cause directional beaming, and for the reason of durability and easy fabrication, we chose a substrate based mental film for our optical head [11] . We used MEMS process to fabricate an alignment mark on the glass substrate and used Focus Ion Beam (FIB) system to make nanostructure on the silver film. The desired linear nanostructure parameters for our optical head are shown in Fig. 4 (a) and the annular nanostructure parameters are shown in Fig. 4(b) . The finished optical head are shown in Fig. 4(c) . We then began to set up a writing test platform. The newly developed nanowriter system was constructed by using a set of air-bearings. The main thrust is to adopt the novel optical head to achieve a line or a point exposure with resolution close to or beyond the diffraction limit. To meet the application needs, several basic conditions must be met simultaneously. In addition, optical components and the mechanism must be chosen and designed carefully. The light source in the system must be keep coherent and the intensity must be maintained as strong as possible to minimize the environment perturbation. We chose He-Cd laser with 442nm wavelength as the light source. An aspherical lens was used to concentrate the light energy onto our newly developed optical head. As the focal length of our optical head is about 1µm, the gap errors must be controlled to less than 100nm. In our sample holding stage, the HEIDENHAIN laser encoders with better than 100 nm precision is used as the position sensor.
The Z-axis stage is driven by KOHZU XA10-12 stepping motor and the laser encoder used is HEIDENHAIN MT2571 that has 50nm precision. All three stages are controlled by PMAC and NI-6110 DAQ cards operated in LabVIEW environment. Since the light source must be p-polarized to excite the surface plasmon efficiently, a Glan-Taylor polarizer above the aspherical focusing lens was adopted to produce the polarization needed with high extinction ratio. Finally, to reduce the influence of temperature and vibration need, the temperature is controlled to 25 ± 1℃ and the humidity is controlled to 35 ± 5％. It is to be noted that controlling the gap between optical head and the samples is important due to the limited focal depth available. Since we cannot determine the absolute distance between the optical head and sample accurately when the sample was just loaded, we position the optical head as close to the sample as possible first and then use the CCD camera to judge if the optical head touches the sample. We then use a capacitance sensor (Accumeasure TM Standard ASP-5-CTA, resolution 12.25nm) to control the Z-axis precisely.
The capacitance sensor was attached to the Z-axis workbench in a manner shown in Fig. 5 . As we intend to expose a subwavelength line width by using our optical head, the selection of photoresist and development process are very important. Started with S1805 photoresist diluted by using thinner, we created a 200nm thin photoresist on silicon wafer by using traditional spin-coating process. Since small pattern is easily striped form silicon wafer during development process, we used hexamethyldisilazane (HMDS) as adhesion layer below the photoresist to prevent the pattern separation. Finally, we used MF351 to develop the photoresist. The exposure results of line patterns and spot patterns are shown in Figs. 6(a) and 6(b), which show that the minimum pattern or size is about 1μm and is larger than the expected simulation results. The underlying reason for this discrepancy was traced to bad uniformity and dimension discrepancies of surface structures on the silver film, which coupled with the higher order diffraction modes, led to bad contrast.
Nevertheless, the results shown in Fig. 6 demonstrated that the energy is strong enough for exposure use and we will continue to work on a better lens design and its fabrication to approach the original goal.
Summary
In summary, we introduced RCWA formulation to pursue a precise dispersion relationship and used FDTD simulations to calculate the electric field distribution of different lenses. After summarizing many important characteristic parameters of a lens from the FDTD results, we found the beam size, depth of focus, and focal length is comparable to the interference fringes induced by two plane waves with incident angleθ . We proposed novel lens designs for He-Cd laser in the nanowriter system and successfully set up a writing-test optomechanical system accordingly.
Some preliminary exposure tests were done and the exposure ability on commercial S1805 photoresist was proven.
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